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The observation of gravitational wave signals from binary black hole mergers has established the
field of gravitational wave astronomy. It is expected that future networks of gravitational wave
detectors will possess great potential in probing various aspects of astronomy. An important consid-
eration for successive improvement of current detectors or establishment on new sites is knowledge
of the minimum number of detectors required to perform precision astronomy. We attempt to an-
swer this question by assessing ability of future detector networks in detecting and localizing binary
neutron stars mergers in the sky. This is an important aspect as a good localization ability is crucial
for many of the scientific goals of gravitational wave astronomy, such as electromagnetic follow-up,
measuring the properties of compact binaries throughout cosmic history, and cosmology. We find
that although two detectors at improved sensitivity are sufficient to get a substantial increase in
the number of observed signals, at least three detectors of comparable sensitivity are required to
localize majority of the signals, typically to within around 10 deg2 — adequate for follow-up with
most wide field of view optical telescopes.
I. INTRODUCTION
One hundred years after gravitational waves were pre-
dicted [1], the first detection of a binary black hole (BBH)
coalescence by the advanced LIGO detectors [2] has her-
alded the beginning of the era of gravitational wave (GW)
astronomy. Over the coming years, the sensitivity of the
advanced LIGO instruments will improve and the ad-
vanced Virgo, KAGRA and LIGO India detectors will
join the global network [3–7]. This network of advanced
gravitational wave detectors is expected to observe many
more BBH mergers, as well as GW emitted during the
merger of binary neutron star (BNS) and neutron star–
black hole (NSBH) binaries [8, 9]. Additionally, GW
emitted by non-symmetric neutron stars, core-collapse
supernovae, and other astrophysical transient events may
be observed [10, 11].
A major goal of GW astronomy is the observation of
an electromagnetic (EM) counterpart to a signal. In-
deed, although BBH mergers are not expected to pro-
duce an electromagnetic signal, a broadband follow-up
of GW150914 demonstrated the willingness of the wider
astronomical community to engage in multi-messenger
observation of GW sources [12]. Unlike most EM tele-
scopes, GW detectors are not pointing instruments, and
localization is achieved primarily by measuring the dif-
ferences in arrival times of the signal in different detec-
tors [13]. Consequently, searching the relatively large
GW localization regions (630 deg2 for GW150914 [12])
represents a challenge for even wide field of view (FoV)
telescopes. These telescopes have FoVs on the order of
10 deg2 or less [14–16]. The ability to confidently identify
EM counterparts to GW events will depend on the GW
localization, which should be comparable to the telescope
FoV. The addition of Virgo, and further detectors in In-
dia and Japan, improves the localization ability of the
network greatly, allowing many signals to be localized to
within tens of square degrees [5, 17, 18].
Compact binary systems composed of at least one neu-
tron star have plausible EM counterparts across gamma,
x-ray, optical, infrared, and radio bandwidths (for possi-
ble counterparts see [19–27]). Synergistic GW and EM
astronomy will increase confidence in associations be-
tween GW and EM signals, and provide complementary
information. For instance, observing a near-infrared kilo-
nova associated with a BNS would firmly establish the
progenitor [28, 29]. Furthermore, it would enable the
determination of the host galaxy which, in turn, allows
for independent measurements of the luminosity distance
and redshift of the source [30]. This would allow precision
tests of cosmology and the variation of the dark energy
equation of state with redshift [31].
There are plans for future gravitational wave detectors
that will be significantly more sensitive than the cur-
rent generation of advanced detectors. These include up-
grades to the existing detectors, such as A+ and LIGO
Voyager [32], which gives the best possible sensitivity
within the current LIGO infrastructure. Additionally,
entirely new detectors have been proposed. The Einstein
Telescope is a next-generation European gravitational
wave observatory [33–35], and Cosmic Explorer [36] is
a proposed US-based future detector, both of which im-
prove on the advanced detector sensitivity by a factor of
ten or more. As well as revealing new sources of grav-
itational waves, these detectors will allow us to observe
BBH mergers throughout most of the history of the uni-
verse and BNS to cosmological distances. Furthermore,
the nearby signals will be very loud in these detectors,
allowing for unprecedented tests of Einstein’s general rel-
ativity, and observation of matter at supra-nuclear den-
sity inside neutron stars. As with the advanced detec-
tor network, joint GW-EM observations will be vital
in fully extracting the science from these observations
[20, 24, 37, 38].
The science case for these new facilities is still evolving,
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2and will continue to do so as further gravitational wave
observations are made. Estimates of the accuracy with
which networks of third and second generation detectors
can reconstruct parameters will inform decisions over the
viability of new facilities. There have been previous stud-
ies of ET that estimate the detection efficiency and the
accuracy of mass measurements [39–42]. Estimates of
the localization ability of various third generation net-
works were also considered as part of a comprehensive
parameter estimation study [43]. Furthermore, detailed
studies of the optimal location of future detectors have
been performed [44–46].
One practical consideration is whether it would be ad-
vantageous to accelerate the development of third gen-
eration detectors, perhaps at the expense of further up-
grades to the second generation, or if the operation of
a heterogeneous network of detectors is preferable. To
date, there is rather little in the literature on the mer-
its of such networks. Here we investigate the differences
between homogeneous and heterogeneous networks of de-
tectors. For concreteness, we focus primarily on the sky
coverage of the networks and the accuracy with which
they are able to localize sources. We consider the net-
work localization accuracy for both face-on BNS systems
at a fixed distance as well as a population of BNS dis-
tributed isotropically and uniformly in comoving volume.
Previous estimates of network localization errors
largely fall into two distinct categories: the first being
analytical estimates that bypass the full task of parame-
ter estimation and reduce the parameter space by focus-
ing primarily on source localization [13, 17, 18, 45, 47–
55]; the second being full parameter estimation studies
that extract detailed parameter estimates using Bayesian
statistics [56–64]. Performing the full analysis has the ad-
vantage of being more accurate, but due to the computa-
tional cost the number of sources that can be considered
is typically small. On the other hand, analytical stud-
ies using only the timing information [13, 53] have been
shown to overestimate the localization error region [65].
Here, we make use of an improved, analytical method
that incorporates amplitude and phase consistency be-
tween the sites, as well as timing [66].
This paper is organized as follows. Section II will de-
scribe the networks used in this study. Section III intro-
duces the method for calculating the localization error
regions. We present and analyse our main results in Sec-
tion IV before concluding in Section V.
II. FUTURE DETECTORS AND NETWORKS
A. Future detectors
GW detector sensitivity is limited by a number of
fundamental noise sources. These noise sources can
be broadly separated into two categories: displacement
noise and sensing noise. Displacement noises cause mo-
tions of the test masses. Noise sources such as seis-
mic noise and mechanical resonances come in this cat-
egory. Sensing noises, on the other hand, are phenomena
that limit the ability to measure those motions; they are
present even in the absence of test mass motion. Shot
noise and thermal noise are included in this category. In
addition, there are technical noise sources which must
be understood and mitigated in order that the detector
sensitivity is limited by fundamental noise. Typically,
low frequency sensitivity is limited by seismic noise, mid
frequencies are limited by thermal noise and higher fre-
quencies are limited by quantum noise. LIGO underwent
a series of upgrades from its initial to advanced configu-
ration to address each of the noise sources [67]. Seismic
noise is being suppressed by the use of multi-stage me-
chanical seismic isolation and quadruple pendulum sus-
pension systems. Thermal noise arises in test masses
and suspensions and is determined by material proper-
ties and beam size. Compared to initial LIGO, advanced
LIGO uses a larger beam size. This results in better av-
eraging of beam on a larger surface area which combined
with better coating and suspension material results in
efficient dissipation of heat. Quantum noise arises due
to statistical fluctuations in detected photon arrival rate.
Quantum noise is overcome by increasing the beam power
and increasing the weight of the test masses to overcome
the increased radiation pressure.
Many technologies have been proposed to further in-
crease the sensitivity of ground based detectors. For ex-
ample, building detectors underground to suppress grav-
ity gradients [33], improving mirror coatings (Section
5.9.3 in [68]) and cryogenically cooling the mirrors for re-
ducing the thermal, using squeezed light for lowering the
noise floor due to quantum noise [69]. A detailed discus-
sion on possible technology improvements is given in [68].
In the following, we briefly introduce several proposed fu-
ture detector configurations and their corresponding sen-
sitivities. These are used in the following sections when
comparing the performance of different networks.
LIGO Voyager: Various upgrades have been proposed
for the advanced LIGO detectors [70] leading to the pro-
posal for an upgrade to A+ in 2020 followed by a fur-
ther upgrade to LIGO Voyager which is envisioned to
be operational around 2025. Voyager improves on the
sensitivity of advanced LIGO by around a factor of three
across a broad frequency range. The increased sensitivity
is intended to be achieved by improvements in all the de-
partments (seismic isolation system, coatings of mirrors,
heavier and larger test masses, increased beam power,
etc.) of the advanced LIGO infrastructure combined by
frequency dependent squeezing and cryogenic cooling of
mirrors [71–73].
Einstein Telescope: Various studies have shown that
further increase in sensitivity is required for performing
precise gravitational wave astronomy, testing of general
relativity and improving our understanding of exotic phe-
nomenon like equation of state and tidal deformability
of neutron stars [19, 74–77]. The Einstein Telescope is
a proposed next-generation European gravitational wave
3FIG. 1. Target noise curves for future detectors [36]: ad-
vanced LIGO at design sensitivity (aLIGO); LIGO Voyager;
Einstein Telescope (two proposed configurations, ET-B and
ET-D) and Cosmic Explorer (CE).
observatory [33–35] with sensitivity an order of magni-
tude higher than advanced LIGO and extending down to
1Hz. It intends to achieve this improvement through a
combination of longer arms and improved technologies.
The original design called for a triangular configuration
of three interferometers with 10 km arms and 60◦ angle
between the arms. In addition, the proposed xylophone
configuration allows installation of separate high and low-
frequency detectors. High frequency sensitivity is most
easily achieved with high laser power, but this generates
significant complications at lower frequencies. The di-
vided detector avoids this issues by allowing to pursue
different strategies in optimising the noise for each fre-
quency range. Additionally, it also reduces the length
of tunnel required (as each tunnel is used by two of the
interferometers) and also makes the detector sensitive to
both gravitational wave polarizations [68].
Cosmic Explorer: There is also a proposal for a Cos-
mic Explorer detector [32, 36], which would be around a
factor of three more sensitive than ET. The design and
technology used is similar to ET but with arm length that
can stretch out to between 40 to 50 km. Although the
possibility of these detectors only lies in the far future,
it is noteworthy that these detectors can see GW150914
like BBH mergers throughout the visible universe.
In figure 1 we show the sensitivities of the proposed
future detectors [36], as well as the advanced LIGO de-
sign sensitivity. We show the ET xylophone configura-
tion, called ET-D. Also included for comparison is ET-B,
which is an alternative ET configuration where every in-
terferometer is optimized for best overall sensitivity, but
at the expense of some low frequency sensitivity. For
all ET simulations in this study, ET-D sensitivity is as-
sumed.
B. Networks
We will consider five networks of gravitational wave ob-
servatories beyond the advanced detectors that are cur-
rently being built, commissioned and operated. Specifi-
cally, we consider:
(i) A network comprising detectors at the three LIGO
sites (Hanford, Livingston and India) where the de-
tectors have been upgraded to LIGO Voyager sen-
sitivity. (Voyager)
(ii) A network comprising the three LIGO Voyager de-
tectors complemented by a triangular ET detector
in Europe. (Voyager-ET)
(iii) A network with three L-shaped detectors at ET
sensitivity distributed globally. (3ET)
(iv) A network comprising a triangular ET detector and
two Cosmic Explorer detectors (CE-ET)
(v) A network of three Cosmic Explorer detectors
(3CE).
Networks (i) and (ii) arise naturally from existing pro-
posals, but there is currently no global plan for a third
generation network. Although there is no proposal for
a network of ET detectors, we include this as configura-
tion (iii), to facilitate comparison with the Voyager-ET
network. For simplicity, we use three L-shaped ET detec-
tors, with a sensitivity matching the proposed triangular
ET detectors.1 We also consider a comparable network
comprised of Cosmic Explorer detectors as well as a het-
erogeneous CE-ET network. Both the Voyager-ET and
CE-ET network exhibits substantial heterogeneity of sen-
sitivities with a factor of three difference over a broad
frequency range. The majority of previous studies, have
assumed that the detectors in the network have identical
sensitivity [13, 17, 44, 53].
The locations of future gravitational wave detectors
have not yet been finalized. In this study make use of the
detector locations derived in [44] to optimize the location
of future detectors. There, a three part Figure of Merit
is used to determine the optimal location of detectors in
a network, comprising equal parts: 1) How equally the
network can determine both polarizations; 2) a simple
measure of localization ability based on the area of the
1 It can be shown that the triangular ET detector has the same sen-
sitivity as two co-located L-shaped detectors of length 10.6 km
whose orientations differ by 45◦.[33] The network of L-shaped
ET detectors then provides three detectors of comparable sensi-
tivity to the two effective L-shaped detectors in the triangular
ET. However, this leads to a doubling in the length of tunnels
required. In the case where the cost of constructing the tunnels
is dominant, one could instead construct two 7km interferometer
within the same tunnel making use of each tunnel twice, as is
done in the triangular ET design. In this scenario the tunnel
length is increased by around 50%.
4triangle formed by the telescopes and 3) how accurately
the chirp mass can be measured. The locations and ori-
entations of all detectors are reported in Appendix A.
For the LIGO Voyager network, the location of the
Hanford and Livingston detectors is fixed. Their orien-
tations were chosen so that they were, as much as possi-
ble, sensitive to the same gravitational wave polarization,
thus improving the chances of coincident detection [45].
The location of the LIGO India detector has not been an-
nounced at this time, so we use the optimal location from
[44], which places it in a seismically quiet location. The
triangular ET detector is added to this network to form
the Voyager-ET network. In [44], it was shown that a
location in Slovakia gave maximum flexibility when con-
structing a global network, so we choose this. Since ET
is equally sensitive to both gravitational wave polariza-
tions, the orientation of the detectors does not affect the
results. It should be noted that the precise location in
Europe of the triangular ET does not have a significant
impact on results.
For the 3ET and CE networks, we are free to optimally
site all three of the new detectors. In [44], with the ad-
ditional requirements that the detectors lie on the land
and avoid areas with a high degree of human activity,
the authors arrived at two comparable networks for three
triangular ET detectors. The best configurations had de-
tectors in either Australia, Central Africa and the USA
or in Australia, Europe and South America. Although
the optimization was performed for triangular ET detec-
tors, we use the first set of locations for both the 3ET
and CE networks. We then optimize the orientation of
the detectors based on part 1 of the figure of merit —
sensitivity to both gravitational wave polarizations — as
parts 2 and 3 will be largely insensitive to the orienta-
tion. Finally, for the CE-ET network, we retain the two
CE detectors in the USA and Australia and augment the
network with a triangular ET detector in Europe.
This by no means covers the full set of proposed fu-
ture detectors and networks, but is sufficient to allow us
to explore the impact of a heterogeneous set of detec-
tor sensitivities and compare this to networks where all
detectors have the same, or similar, sensitivity.
C. Network Sensitivity
The response of a detector to the two polarizations
of a gravitational wave is given by F+ and F×, which
are functions of the sky location and polarization of the
wave [78]. For networks of equally sensitive detectors,
the network response at a given sky point is given by[∑
i(F
i
+)
2 + (F i×)
2
]1/2
[44, 51]. However, when dealing
with heterogeneous networks, we must generalize the ex-
pression to take account of the detector sensitivity. To
do so, we introduce a sensitivity measure ρo,i defined as
[79]2
ρ2o,i = 4
∫ ∞
0
|h˜o(f)|2
Si(f)
df (1)
where h˜o(f) is the gravitational wave strain from a fidu-
cial system placed overhead the detector at a fixed dis-
tance and face-on, and Si(f) is the Power Spectral Den-
sity (PSD) of the detector noise. Then ρo,i gives the
expected SNR for such a signal in detector i. For our
study, we take h˜o(f) to be the signal from a face-on bi-
nary neutron star system at 1 Mpc from the detector.
Then, we weight the response of each detector by the
sensitivity, defining [80]
f i+,× = ρo,iF
i
+,× . (2)
The relative sensitivity of the network at a given sky
point is then defined as the network response,
NR =
(∑
i
[
(f i+)
2 + (f i×)
2
]∑
j ρ
2
o,j
)1/2
, (3)
where the indices i, j run over the detectors. Using this
definition, the maximum network response is unity and
this will only be achieved when all detectors are aligned
to be maximally sensitive to the same sky position. This
extends the definition of [51] to a heterogeneous network
and is closely related to the network sensitivity to generic
transients introduced in [50].
We are also interested in the relative sensitivity to the
two gravitational wave polarizations. To define this un-
ambiguously, we must identify a preferred choice of the +
and × polarizations or, equivalently, a choice of polariza-
tion angle. We define the Dominant Polarization Frame
[80, 81], which gives the maximum sensitivity to the +
polarization. To do so, we introduce
fnet+,× =
(
f1+,×, . . . , f
N
+,×
)
. (4)
The dominant polarization frame, for a given sky loca-
tion, is the unique frame such that: (1) fnet× ·fnet+ = 0; (2)
the network is maximally sensitive to the + polarization,
thus ensuring |fnet+ | > |fnet× |. The ratio of |fnet× | to |fnet+ |
is called the network alignment factor [81] and will vary
from one — equal sensitivity to both polarizations — to
zero — sensitivity to a single polarization.
In Figure 2, we plot the Network Response and Align-
ment Factor as a function of sky location for the five
networks under consideration. The Voyager network has
the best sensitivity above and below the location of the
two US LIGO detectors, as expected. It has limited sen-
sitivity to the second polarization over large parts of the
2 This quantity is often denoted σ. To avoid confusion with the
signal bandwidth, σf , introduced in the next section, we use the
notation ρo here.
5FIG. 2. Relative sensitivity of the different networks over the sky: Voyager, Voyager-ET, 3ET/3CE and CE-ET. Left: network
response as a function of sky position and right: alignment factor as a function of sky position. Also shown are the locations
of detectors in each network. Magenta markers are for Voyager detectors, white for ET, and red for CE.
sky, including the locations with best network sensitivity.
In the Voyager-ET network, the ET detector dominates
the sensitivity so, as expected, we see the best sensitiv-
ity above and below the ET detector. The triangular
ET is equally sensitive to both polarizations, and so the
Voyager-ET network has good sensitivity to the second
polarization over the majority of the sky. Even in regions
where ET has poor sensitivity, the second polarization is
6reasonably well measured by a combination of ET and
the three LIGO Voyager detectors.
The 3ET and 3CE networks are comprised of detectors
in identical locations, so the relative sensitivity over the
sky will be identical for these networks. These networks
have good coverage over much of the sky, but the peak
sensitivity is noticeably lower than the other networks —
it is only 75% of the maximum possible if all detectors
were aligned, in comparison to over 90% for the other net-
works. This is to be expected, as the location of the de-
tectors has been chosen to maximize sky coverage; three
co-located detectors would provide the greatest peak sen-
sitivity but much worse sky coverage. The homogeneous
3ET and 3CE networks have markedly better sensitiv-
ity to the second polarization than the Voyager network.
This arises because the detector orientations were opti-
mized to give good sensitivity to the second polariza-
tion, whereas the LIGO Hanford and Livingston detec-
tors were deliberately aligned to be sensitive to the same
polarization. Finally, the heterogeneous CE-ET network
shows best sensitivity over the north atlantic and Aus-
tralia, which is expected given the detectors are located
in the US, Europe and Australia. It has relatively poor
sensitivity to the second polarization over the sky. How-
ever, in contrast to the Voyager network, CE-ET has
good sensitivity to both polarizations in areas of good
overall sensitivity.
The Sky Coverage [51] of a network is defined as the
fraction of the sky for which the response is greater than
1/
√
2 of the maximum. The Sky Coverage of the homo-
geneous ET and CE networks is 79%. Even though the
LIGO Voyager network also has three equal sensitivity
detectors, the similar orientations of the LIGO Hanford
and Livingston detectors lead to a sky coverage of 42%.
For the heterogeneous CE-ET and Voyager-ET networks,
the sky coverage is 44% and 37% respectively. This con-
firms what the plots suggest and indicates that the 3ET
and 3CE networks have the most uniform response across
the sky.
III. SOURCE LOCALIZATION
To investigate the ability of different networks to local-
ize sources, we use the formalism introduced in Refs. [13]
and [53] and references therein. In those papers, it was
shown that localization is primarily determined by the
timing accuracy, σt in each detector which, in turn, is in-
versely proportional to the signal strength and frequency
bandwidth σf of the signal in the detector. Specifically,
given a signal h(t), the effective bandwidth is defined as
σ2f =
(
4
ρ2
∫ ∞
0
df
f2|h(f)|2
S(f)
)
−
(
4
ρ2
∫ ∞
0
df
f |h(f)|2
S(f)
)2
,
(5)
where the signal-to-noise ratio (SNR), ρ, in the absence
of noise, is given by
ρ2 = 4
∫ ∞
0
|h(f)|2
S(f)
df .
The timing accuracy for a signal with SNR ρ is then given
by
σt =
1
2piρσf
. (6)
Thus, σt scales inversely with the SNR of the GW, ρ, and
the effective bandwidth, σf , of the signal in the detector.
Using these expressions, it is possible to calculate the
reduction in network SNR due to errors in sky location
and derive, at leading order, a relatively simple expres-
sion for the localization area. The probability distribu-
tion for the location of the source (from a sky location
R) is given by
p(r|R) ∝ p(r) exp
[
−1
2
(r−R)TM(r−R)
]
(7)
where r is the reconstructed position of the source, p(r)
is the prior distribution (taken as uniform on the sphere),
and the matrixM describes the localization accuracy and
is given by
M =
1∑
k σ
−2
tk
∑
i,j
(Di −Dj)(Di −Dj)T
2σ2tiσ
2
tj
(8)
and Di gives the location of the i-th detector. Thus,
the localization is improved by having greater separation
between the detectors and good timing accuracy, i.e. high
SNR and large bandwidth of the signal in the detectors.
Localization can be improved by accounting for the
relative amplitude and phase of the signal observed in
each detector. These are necessarily constrained by the
fact that a gravitational wave has only two polarizations
so, for networks of three or more detectors, the relative
amplitude and phase in the different detectors is con-
strained. When taken into account, this leads to a more
rapid falloff in the network SNR away from the correct
sky location which, in turn, leads to an improvement in
localization. This has been discussed in detail in [66],
and a similar analysis presented in [52]. The resulting
probability distribution for the localization has the same
form as eq. (7) with a modified expression for the matrix
M, which nonetheless remains quadratic in the detector
separations Di −Dj .
Based on timing information alone, a source observed
in three detectors can be localized to two regions in the
sky. The two locations lie above and below the plane
formed by the three detectors. When we require the sig-
nal to be consistent with two gravitational wave polariza-
tions, this places restrictions on the relative amplitudes
and phase differences between the detectors. In many
cases, this information can be used to exclude the mirror
7location and restrict the source to a single sky position.
Of course, with four or more sites, timing information
alone can be used to localize a source to a single sky
location.
In the following studies, we generate a population of
events and determine which events would be detected by
a given network and how accurately they would be local-
ized. In all instances, we use the above formalism and
ignore the effects of noise which would change the recov-
ered SNR and offset the optimal sky location from the
expected values. We require that signals would be confi-
dently detected by the detector network. Specifically, we
require a network SNR of at least 12 as well as an SNR
above 5 in at least two detectors in the network.3 Fur-
thermore, since the localization methods described above
are accurate only to leading order, our localization results
are based only upon detectors for which the signal has an
SNR greater than 4. As discussed in [13], at lower SNRs
the approximations used here break down.
The thresholds used mimic those used in the analysis
of GW data [83] to obtain events with a false alarm rate
of less than 1 per century [18, 53] and are the same as
used in previous studies [13, 53]. In addition, they seem
appropriate based on the initial gravitational wave obser-
vations, where GW150914 and GW151226 both satisfied
these requirements while LVT151012 had a network SNR
of 10 and was not unambiguously identified as a signal [8].
As GW observations become more common, and searches
are further improved [84], it is possible that the detec-
tion thresholds will be reduced. While this will change
the details of the results presented below, the relative
performance of the networks will remain similar.
IV. RESULTS
A. Face on Binary Neutron Star Mergers
We first investigate the ability of the networks to local-
ize a given source at a fixed distance, as a function of the
sky location of a source. We simulate 1.4− 1.4M BNS
systems that are oriented face on (i.e. with inclination,
ι = 0) at a fixed distance at each point along a two dimen-
sional 16 by 16 grid of sky coordinates. We repeat the
study for sources at redshifts of z = 0.2 (DL = 1Gpc) and
z = 0.5 (DL = 3Gpc). At each sky location, we calculate
the expected SNR in each of the detectors in the network.
For any signal that meets the detection and localization
criteria given above, we calculate the 90% localization
region. Since the BNS systems are face on, the GWs
are circularly polarized, i.e. both polarizations have the
same amplitude. Thus it is the overall sensitivity, and
not the relative sensitivity to the two polarizations that
will affect the localization ellipses [17].
3 For a discussion of the effects of changing these thresholds and,
in particular, removing the single detector thresholds see [82].
Figure 3 shows the localization regions for these BNS
sources in the five networks under consideration. In the
figures, a red cross indicates that the detection criteria
(network SNR > 12 and two detectors with SNR > 5)
were not met for a BNS at this sky position and redshift;
a blue plus indicates that the source would be detected
but fails our localization criterion (SNR > 4 in three or
more sites). For signals which would be confidently de-
tected, and observed in at least three sites, the green
ellipses show the 90% confidence region for the localiza-
tion.
For BNS mergers at z = 0.2, the LIGO Voyager net-
work would observe the signal over the majority of the
sky. There are, however, four patches where the signal
would not be found, which correspond to areas of poor
sensitivity for the two US LIGO detectors. Furthermore,
there are regions where the signals would be detected but
not localized, based on our conditions, and these corre-
spond to locations where LIGO India has poor sensitivity.
For those signals which are localized, the areas are typi-
cally large, as these events will be close to the detection
threshold in the network. We can clearly identify a band
for which the localizations are extended in one dimen-
sion. These points are close to the plane defined by the
three detector locations. A large change in sky location,
in a direction perpendicular to the plane of the detectors,
leads to a relatively small change in the relative arrival
times and consequently poor localization. These results
are consistent with those obtained for the advanced LIGO
network (incorporating LIGO India) given in [17].
The Voyager-ET network is able to detect sources at
z = 0.2 over the essentially the whole sky. For localiza-
tion, we require the signal to be observed at three sites;
although all three of the detectors in the triangular ET
will observe the signal, they provide rather poor localiza-
tion by themselves. Thus, the network is limited by the
requirement that two LIGO Voyager detectors observe
the signal. The sky locations where sources are not local-
ized correspond to the locations for which the US LIGO
detectors have poor sensitivity, and these sources are only
detected in ET and LIGO India. The 3ET network also
gives excellent coverage over essentially the whole sky.
There are still a handful of points for which localiza-
tion is not possible. Again, these correspond to points
where one of the detectors has close to zero sensitivity.
As before, we see the characteristic extended ellipses at
locations which lie close to the plane defined by the three
ET detectors.
For signals at z = 0.5 we consider the three networks
comprised of ET and CE detectors. In all cases, the
sources are observed over essentially the whole sky. For
the 3ET network, there are significant regions where the
source is not well localized as it is seen in only two detec-
tors, but the size of these regions shrinks for the CE-ET
and 3CE networks due to the increased sensitivity of the
CE detector. Finally, as expected, the signals are rel-
atively poorly localized in directions close to the plane
defined by the three detectors.
8FIG. 3. The localization ellipses at different sky locations for face-on 1.4-1.4 BNS binaries at a redshift of: left - z = 0.2
(luminosity distance of 1 Gpc) and right - z = 0.5 (luminosity distance of 3 Gpc). The red crosses indicate that the BNS at
this sky position would not be detected — either due to a network SNR less than 12, or not having SNR > 5 in at least two
detectors. The blue + symbols indicated sources that would be detected, but not well localized due to being identified in only
two detectors. The ellipses give the 90% localization regions for a source from a given sky location.
For a two-site observation, the localization is typically
restricted to a fraction of a ring in the sky with an area of
hundreds of square degrees [2, 8] and we consider these
sources to not be localized. The degeneracy along the
ring is broken by relative amplitude and phase measure-
ments in the different detectors. For events observed
with the triangular ET detector and a single L-shaped
detector, the localization may be greatly improved —
the triangular detector recovers the amplitude and phase
of both GW polarizations so a single, additional obser-
vation will provide enough information to break the sky
location degeneracy. Furthermore, when there are addi-
tional detectors in the network that did not observe the
event, this information can be used to further improve
the localization. We do not consider these effects here,
but note that it would be interesting to examine in detail
localization with a network comprised of one triangular
and one L-shaped detector.
In these plots we are ignoring the fact that sources
detected at three sites may be localized to two distinct
patches in the sky, one above and one below the plane
formed by the three sites. In many cases, the degeneracy
can be broken based on consistency of the observed am-
plitude and phase of the signal in each of the detectors.
For the systems at z = 0.2, both the 3ET and Voyager-
ET networks will provide localization to a single region
for essentially all sky locations. Voyager localizes to one
patch on the sky 70% of the time, and so about a third of
the localization ellipses shown below will be augmented
by a similar sized region in the mirror location. At z=0.5,
9the CE and ET networks all localize to a single patch for
at least 95% of sky locations.
B. A Population of Coalescing BNSs
Now, let us consider network localization for a popu-
lation of BNS coalescences. We follow Singer et. al. [18]
in choosing the BNS component masses uniformly in the
astrophysically motivated range 1.2 − 1.6M. This en-
compasses the masses of all observed neutron stars in
binaries and the 1-sigma interval of the initial mass func-
tion for a variety of formation mechanisms [85, 86]. The
orientation of the sources is uniformly distributed: uni-
form in polarization, cosine of source inclination and the
phase of the GW at merger. We distribute the sources
isotropically and uniformly in comoving volume with a
uniform local merger rate, meaning that the observed
rate at a given redshift will be decreased by a factor of
(1 + z). The networks are affected by the duty cycles of
individual detectors. However, we do not consider this
effect here and assume detectors to have full duty cycles.
Figure 4 shows the detection efficiency — the fraction
of events that would be observed — for each network as
a function of redshift or distance. For those BNS mergers
which are detected by a given network, we calculate the
90% confidence sky localization using the prescription
given in Section III. We also show the fraction of events
that would be localized within 1, 10 and 100 deg2 for each
network as a function of redshift.
On the left hand side of Figure 4, we consider the Voy-
ager, Voyager-ET and 3ET networks. The Voyager-ET
and 3ET networks have rather comparable sensitivities,
both networks identify over 90% of sources within a red-
shift of z = 0.2 and the majority of signals within a
redshift of z = 0.4. The LIGO Voyager network has
good all sky sensitivity within a redshift of z = 0.1, af-
ter which it drops rapidly with essentially no sensitivity
beyond z = 0.4. Since we require a source to be ob-
served in three sites for good localization, it is unsurpris-
ing that the Voyager and 3ET networks are capable of
localizing the majority of observed sources — in partic-
ular, essentially all sources are localized within 100 deg2
and the majority within 10 deg2. For the heterogeneous
Voyager-ET network, the fraction of sources localized is
much lower than the fraction detected. For example, at
z = 0.4 over half of all sources are detected but only 10%
are localized within 10 deg2. These are the events which
are too distant to be observed by the LIGO Voyager de-
tectors so, while they are observed by ET they cannot
be localized. For all three networks, only a fraction of
events will be localized to within 1 deg2 and those will be
primarily nearby, loud events. For a 3ET network, half
of the events at a redshift of z = 0.15 with be localized
to within 1 deg2.
The right panel of Figure 4 shows the same results for
the CE and ET based networks. The results are com-
parable to those described above: detection efficiency is
limited by the second most sensitive detector in the net-
work, while localization requires a third detector to ob-
serve the signal. In particular, we note that while the
CE-ET and 3CE networks have similar overall detection
efficiencies, the 3CE network provides much better lo-
calizations. For example, 3CE localizes 50% of sources
at z = 2 to 100 deg2 while the CE-ET network is un-
able to give good localizations for signals at this redshift.
We note that those signals which are localized in the het-
erogeneous CE-ET network are typically localized within
10 deg2 as they will be recovered with high SNR in the
Cosmic Explorer detectors. Finally, it is again only the
loudest, nearby signals which are localized within 1 deg2.
The CE-ET and 3CE networks localize half of signals
within 1 deg2 to a redshift of z ∼ 0.25.
Figure 5 shows the expected number of observed events
as a function of redshift for the five networks, and the
overall results are summarized in Table I. In order to ob-
tain these results, we have taken a population of sources
with a uniform local merger rate density. This is ap-
propriate on the scale of hundreds of Mpc where the lo-
cal variations become insignificant [87], but less so when
considering sources within the range of the ET and CE
detectors. The BNS formation rate, and consequently
the merger rate, is expected to follow the star formation
rate [88] which varies with redshift [89], peaking near a
redshift of one. However, due to the large uncertainty
in the rates, their dependence on the star formation rate
and the delay between formation and merger, we have
chosen not to incorporate these effects. Furthermore, we
use an intrinsic rate of 10−7Mpc−3yr−1, which lies within
the current range of predicted rates [9], and we use this
fiducial rate when comparing the network sensitivities.
There is at least an order of magnitude uncertainty on
the rate of BNS mergers. Overall changes to the merger
rate will simply scale the number of observations for all
networks equally but changes in the redshift evolution of
the rate will affect relative performances.
As expected, the number of events detected by the
3ET and Voyager-ET networks are comparable, with the
3ET network is sensitive to 40% more BNS mergers than
Voyager-ET, while the Voyager network observes around
one tenth as many mergers. However, due to the dif-
ferences in localization, the Voyager-ET localizes only a
third as many events as the 3ET network and, for events
localized within 10 deg2 the peak of the redshift distribu-
tion is at 0.2 rather than 0.4 (and within 1 deg2 the peak
is at 0.06 rather than 0.2). We see similar results for the
CE-ET and 3CE networks: they are both able to detect
a comparable number of events, but significantly fewer
are localized by the heterogeneous network.
C. Implication for EM Followup
The primary motivation for accurate localization of
GW signals is to facilitate the observation of electromag-
netic counterparts. The requirements on localization will
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FIG. 4. The detection and localization efficiency as a function of redshift and luminosity distance of the Voyager, Voyager-ET
and 3ET networks (left column) and the 3ET, CE-ET and 3CE networks (right column). For visual comparison, 3ET is plotted
as a solid line in both. Right column: Voyager-ET and Voyager are the dashed and dotted lines respectively. Left column:
CE-ET and 3CE are the dashed and dotted lines respectively. From bottom to top, the rows show the fraction of events at a
given redshift/distance that will be detected and localized within 100, 10 and 1 deg2.
Network Voyager Voy-ET 3ET CE-ET 3CE
Detected 260 2700 3800 34000 47000
Localized 240 910 3100 12000 40000
Within 1 deg2 4 40 240 920 1400
Within 10 deg2 87 560 2300 7800 16000
Within 100 deg2 210 900 3000 11000 36000
Median Area (deg2) 20 - 6 - 17
Single Patch 46% 99% 85% 97% 89%
TABLE I. Performance metrics for Voyager, Voyager-ET,
3ET, CE-ET and 3CE networks for a population of BNS co-
alescences distributed uniformly in comoving volume with an
intrinsic rate of 1 merger per 107Mpc3y. From top to bot-
tom: The number of sources per year that are detected and
localized by each network; the number of sources localized
per year within 1, 10 and 100 deg2 respectively; the median
localization area of all detected sources and the fraction of
localized sources whose position is restricted to a single patch
in the sky. Note, the median source is not localized by the
two heterogeneous networks CE-ET and Voyager-ET.
depend upon the strength of the electromagnetic emis-
sion accompanying a BNS merger, as well as the ability
of wide-field telescopes to cover the error region. The
most likely counterparts from BNS mergers [23, 90] are
short Gamma Ray Burst (GRB) and kilonova emissions.
While short GRBs can be observed to cosmological dis-
tances, they are believed to be rather tightly beamed, so
that only a small fraction of BNS mergers would be ac-
companied by a GRB counterpart [91]. However, since
the GRB emission is likely to be essentially concurrent
with the merger, it will be difficult to use GW obser-
vations to provide advanced warning to GRB satellites.
Thus, it seems likely that the GW and GRB signals will
be independently observed, and the better localization
will typically come from the GRB signal. Thus, although
joint GW and GRB searches have been performed in the
past for finding any associated GW signal with observed
GRBs have been conducted in the past [11], and will con-
tinue to be interesting enterprise for multi-messenger as-
tronomy, they will not be significantly influenced by GW
localization. Consequently, we will focus the remainder
of our discussion on kilonova observations.
The neutron-rich ejecta from BNS and NSBH mergers
will undergo r-process nucleosynthesis, producing heavy
elements which will subsequently decay; this decay pro-
cess will power an electromagnetic transient known as
a kilonova (see e.g. [92] for details). There are various
models for the kilonova emission, which depend upon the
mass of the ejecta as well as its opacity [93, 94]. Broadly,
the prediction is for an optical or near infrared emission,
which will last for days or possibly weeks. The luminos-
ity of the kilonova emission is uncertain, but we take a
fiducial model with magnitude 22 emission from a source
at 200Mpc [92]. To date, there has been one putative
near-infrared kilonova observation from GRB 130603B
which was observed with a magnitude of 25.8 at redshift
of z ≈ 0.35 [28, 29], which is broadly consistent with this
picture.
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FIG. 5. The number of BNS observations and localizations per year with future networks, as a function of redshift and
luminosity distance. The y-axis is scaled so that the area under the curves gives the number of events per year. This assumes
a source distribution uniform in comoving volume with an intrinsic rate of 1 merger per 107Mpc3y. Note that the y-axis on
1 deg2 plot is different from the others. For visual comparison 3ET is plotted as a solid line in both column. Right column:
Voyager-ET and Voyager are the dashed and dotted lines respectively. Left column: CE-ET and 3CE are the dashed and dotted
lines respectively. From bottom to top, the rows show the number density of events at a given redshift/distance that will be
detected and localized within 100, 10 and 1 deg2.
Although GW151226 was a BBH merger, significant
electromagnetic followup was performed. Notably, De-
CAM, J-GEM and PanSTARRS searched for optical and
near infrared counterparts to the event [95–97]. While no
counterpart was found, these searches were able to cover
tens of square degrees at the peak of the GW localiza-
tion error region and place upper limits on i and z band
emission at magnitudes between 20 and 24.
Taking our fiducial kilonova model, the current gener-
ation of wide-field telescopes, such as Pan Starrs, zPTF,
SkyMapper, Black Gem, which have limiting magnitudes
around 24 would be able to observe kilonova emission to
z ≈ 0.1 or a luminosity distance of 500Mpc. The results
in Figures 4 and 5 show that the Voyager network has
good sensitivity within the range of the current gener-
ation of telescopes, and would identify and localize the
majority of BNS mergers at z . 0.1 to within 10 deg2.
All of the other networks are able to detect and localize
within 10 deg2 essentially every event at z . 0.1, thereby
enabling followup with one, or a handful, of pointings.
For LSST, with a limiting magnitude around 26, kilono-
vae could be observed to z ≈ 0.25 or 1.3Gpc. At these
distances, the sensitivity of the Voyager network is insuf-
ficient to identify the majority of signals, let alone provide
accurate localizations. The Voyager-ET network would
observe the majority of BNS within this range although,
for the more distant signals, the limited sensitivity of the
Voyager detectors means that many would be observed
by only the ET detector and consequently be very poorly
localized. The networks with three ET or CE detectors
provide excellent sensitivity to z = 0.25 and are capa-
ble of localizing the vast majority of sources to within
10 deg2.
Of course, the details of kilonova emission are still un-
certain and there are models that predict significantly
stronger or weaker emission. For example, there are mod-
els where the emission is powered by fallback accretion
[92] that predict magnitudes of 21 (for BNS) or 20 (for
NSBH) at 200 Mpc. This increases the distance at which
kilonovae could be observed by a factor of 1.5 and 2.5
respectively making kilonovae associated to BNS observ-
able to 750 Mpc (or 2 Gpc with LSST). A 3ET network
would identify and localize three times as many kilonova
observations within the LSST range as from the Voyager-
ET network. This serves to highlight the point that the
case for localization capacity of future GW networks is
intimately tied to our knowledge of the EM emission from
these mergers.
As some of the strongest emissions are predicted from
NSBH mergers, it is interesting to briefly consider them.
While we have not performed simulations with NSBH
systems, it is straightforward to provide approximate sen-
sitivities based on the BNS results given above. The
sensitivity of gravitational wave detectors scales, at lead-
ing order, as M5/6, where M is the chirp mass. Conse-
quently, for a signal at a fixed distance, orientation and
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sky location, the SNR with which NSBH will be observed
can be approximated as
ρNSBH ≈ 1.1
(
MBH
MNS
)1/3(
1 +
MBH
MNS
)1/6
ρBNS (9)
where MBH is the black hole mass and MNS is the neu-
tron star mass. Thus, the observed SNR for a NSBH
with MBH = 5M is 2.2 times that of a BNS, and 3.0
times for MBH = 10M. Consequently, to a reasonable
approximation, we can scale the distances in Figure 4 by
between 2 and 3 to obtain NSBH sensitivities. Thus, for
the most optimistic NSBH kilonova emissions, a network
with three ET or CE detectors would identify and localize
most sources within the LSST range; Voyager augmented
by ET would identify but not localize the more distant
sources and Voyager alone would have a range compara-
ble to existing wide-field telescopes.
V. DISCUSSION
We have compared the sensitivity of proposed future
gravitational wave networks to BNS signals, and their
ability to accurately localize events. We find that a
minimum of two detectors, which includes the triangu-
lar ET, at an improved sensitivity are sufficient to pro-
vide a substantial increase in the number of observed
sources. For example, the addition of ET to a network
of LIGO-Voyager sensitivity detectors could increase the
rate of observations by an order of magnitude. However,
in order to obtain good source localization, we require
a minimum of three sites to observe the event. Conse-
quently, in networks with one or two detectors that are
significantly more sensitive than the others, we find that
the majority of detected sources are not well localized.
In contrast, when the three most sensitive detectors in
the network have comparably sensitivity, the majority of
signals are well localized with a median localization area
around 10 deg2.
Previously it has been argued that building more de-
tectors further apart improves localization (see for ex-
ample [50, 53]). However, we find that this is only true
when the sensitivities of the detectors in the network are
approximately homogeneous, as is often assumed for the
advanced detector (2nd generation) networks [13, 17, 53].
In the case of heterogeneous sensitivities, such as the
Voyager-ET network, the localization will often be lim-
ited since the event cannot be detected by the less sen-
sitive detectors. In such a network, we expect that for
a majority of events we will obtain limited directional
information.
The interpretation of our results depends critically
upon the science question of interest. In particular, the
utility of accurate GW localization as a function of red-
shift will depend critically upon the strength and spec-
trum of the associated EM emission, and the sensitivity
and field of view of the associated telescopes and satel-
lites. For a standard kilonova model, the LIGO Voyager
network provides adequate sensitivity to identify and lo-
calize potential kilonova signals for currently operating
telescopes but the network must be augmented by at
least one ET or CE detector to provide adequate sensi-
tivity to localize all kilonovae that could be observed by
LSST. For the models predicting the strongest kilonova
emission, a three detector network of ET or CE detectors
could increase, by a factor of a few, the number of events
observed jointly with GW signals.
In this study, we have neglected a number of factors
that effect the size of localization errors in real detector
networks. Though the time of arrival and amplitude and
phase of GWs carry most of the information relevant to
localization, other information can reduce the size of the
localization errors. These include, realistic prior distri-
butions on other astrophysical parameters — particularly
source inclination and distance, correlations with other
parameters such as component masses [65], spin and pre-
cession effects. Furthermore, we continue to assume that
a signal must be identified in two detectors to be de-
tected, and three to be localized. Ideally, performing a
fully coherent analysis of the data [82, 98], would im-
prove the performance of heterogeneous networks when
the SNR in the less sensitive detectors is low and would,
in effect, remove our requirement of a signal being clearly
identified in at least two detectors. While it is possible
to localize sources with only two detectors, the first GW
observations make it clear that the localization areas will
typically be hundreds of square degrees, so our approxi-
mation that these sources are not localized is reasonable.
Furthermore, we have neglected systematic uncertain-
ties. Errors introduced by mismatches between template
waveforms and signals [13] are expected to introduce a
similar effect in all detectors and therefore the effect on
the time difference, and localization, is likely to be negli-
gible. On the other hand, errors in the calibration of GW
detectors [99] will be uncorrelated, and these errors can
significantly impact localization. For instance, roughly
one third of the localization error budget for GW150914
was due to strain calibration uncertainty [99, 100]. At
high SNR calibration errors are expected to dominate
the overall error budget for localization [13]. Thus, the
ability to achieve the reported sub square-degree localiza-
tions predicted here will depend critically on the calibra-
tion accuracy of the detectors, with likely requirements
of uncertainties under 1% in amplitude and 1◦ in phase.
The impact of calibration on gravitational wave localiza-
tion with future networks deserves further study.
Finally, in this paper we have restricted attention to lo-
calization of BNS signals. For many science questions, ac-
curate localization itself is not critical but is required for
accurate measurement of the distance to the source. The
gravitational wave signal from the inspiral and merger of
BNS, NSBH and BBH leads to the accurate measurement
of only the luminosity distance DL and the redshifted
masses M(1 + z). One goal of gravitational wave as-
tronomy is to map the merger history of black holes and
neutron stars through cosmic time. Accurate distance
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measurements are required not only to infer the redshift
of the source, but also to obtain the mass of the source.
For tests of cosmology, we require an independent mea-
surement of the redshift. There are numerous methods
proposed for this measurement, including identification
of a host galaxy from EM counterpart; statistical associ-
ation with a host galaxy [101]; assumption of a narrow
mass range of neutron stars in binaries [102]; observa-
tion of post-merger features in the waveform [103]. In
all cases, an accurate measurement of the distance (and
consequently good source localization) is essential. A de-
tailed investigation of these issues is beyond the scope of
this paper. Nonetheless, it seems likely that a network of
three or more detectors of comparable sensitivity will in-
crease scientific returns from a future gravitational wave
network.
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Appendix A: Optimal Detector Orientations
Table II contains all the final locations and orientations
of all detectors used in this study. In order to fix the
orientations of the detectors for the ET and CE networks,
we make use of the following FoM, taken from Ref. [44],
I =
(
1
4pi
∮
|fnet+ − fnet× |2dΩ
)−1/2
(A1)
Holding the USA detector fixed at 0◦ we rotated the Cen-
tral Africa and Australia detectors from 0-90◦ (due to
rotational symmetry of the polarizations all other rota-
tions map to this basis). We optimize the ability of the
ET and CE networks to observe both polarizations by
choosing the orientation angles to maximize A1.
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